We investigated the delivery of foreign genes into mouse (MG) mouse model system. Highly efficient delivery was glioma cells in vivo using hemagglutinating virus of Japan observed in disseminated glioma cells, and 80% of MG (HVJ)-liposomes, which are coated by Sendai virus envelmice expressing the HSVtk gene were cured by treatment ope protein. HVJ-liposomes, containing lacZ gene or herwith ganciclovir. These results suggest that this novel gene pes simplex virus thymidine kinase (HSVtk) gene-bearing delivery system may be applicable for the in vivo gene therplasmid DNA were applied in the meningeal gliomatosis apy of human malignant glioma. 1 Poor prognosis is mainly due to which are coated by HVJ (Sendai virus) membranes, are invasion of glioma cells into the brain parenchyma. Morehighly fusigenic. HVJ-liposomes may contain DNA, and over, meningeal dissemination, the invasion of glioma using this system foreign genes can be transferred very cells into the cerebrospinal fluid, is observed in 15% of efficiently ( Figure 1 ) and expressed ectopically in dividglioma patients at their terminal stages and may also play ing or nondividing mammalian cells in vivo. [10] [11] [12] [13] To date, a role in the poor prognosis of patients. there have been few applications of HVJ-liposomes to We have used the meningeal gliomatosis (MG) mouse tumor therapy. In this study, HVJ-liposomes which conas a model system for patients with glioma. This model tain the lacZ gene or the HSVtk gene-bearing proviral system has been resistant to therapeutic intervention.
Introduction
liposomes containing the rat insulin I gene resulted in Malignant glioma, especially glioblastoma, is one of the transient expression of rat insulin. 7 However, the most intractable tumors. Patients with glioblastoma have efficiency of liposomal fusion was low. The fusion a median survival of 9 months, despite intensive therapy efficiency was subsequently improved by using spike which may include surgery, irradiation, chemotherapy, proteins 8 or virus particles of HVJ. 9 HVJ-liposomes, and immunotherapy. 1 Poor prognosis is mainly due to which are coated by HVJ (Sendai virus) membranes, are invasion of glioma cells into the brain parenchyma. Morehighly fusigenic. HVJ-liposomes may contain DNA, and over, meningeal dissemination, the invasion of glioma using this system foreign genes can be transferred very cells into the cerebrospinal fluid, is observed in 15% of efficiently ( Figure 1 ) and expressed ectopically in dividglioma patients at their terminal stages and may also play ing or nondividing mammalian cells in vivo. [10] [11] [12] [13] To date, a role in the poor prognosis of patients. 2 there have been few applications of HVJ-liposomes to We have used the meningeal gliomatosis (MG) mouse tumor therapy. In this study, HVJ-liposomes which conas a model system for patients with glioma. This model tain the lacZ gene or the HSVtk gene-bearing proviral system has been resistant to therapeutic intervention.
DNA are applied in the MG mouse model, and we invesHowever, if 25% of stereotactically inoculated intratigate the efficacy of this delivery system for malignant cranial glioma cells are transduced with the herpes simglioma. plex virus type 1 thymidine kinase (HSVtk) gene, all mice can be cured by ganciclovir treatment. 3 Several methods exist for delivering foreign genes into somatic cells. Among them, retroviral vectors have been clinically one of the most frequently used. Because of low infectious titers, however, retroviruses have been used mainly for ex vivo gene delivery to hematopoietic stem cells, 4 or retrovirus-producing cells have been implanted in vivo as a source of continuous production. 5, 6 Survival in the MG model could be prolonged by intrathecal administration of HSVtk-producing retrovirus packaging cells plus intraperitoneal ganciclovir, but all mice ultimately died (unpublished data). Improved methods for in vivo gene delivery must be developed. These might include efforts to increase retroviral titers or utilizing alternative delivery systems such as the HVJ-liposomes employed here. Figure 5 , the median survival of untreated MG mice were cured with ganciclovir treatment if a MG mice was 7 days ( Figure 5 , hatched line). The median quota of intrathecally injected glioma cells were survival of MG mice which were injected with empty transduced with the HSVtk gene HVJ-liposome 2 days after tumor inoculation with subThe median survival time (MST) of MG mice, inoculated sequent intraperitoneal ganciclovir treatment (mock conwith 100% wild-type RSV-M glioma cells, was 9 days. trol group) was 8 days ( Figure 5 , dashed line). These mice The MSTs of 0% and 10% HSVtk-transduced MG mice died because disseminated glioma cells compressed the were 10 days and 12 days with ganciclovir treatment, brain stem. In contrast in MG mice injected intrathecally respectively, and four of five of MG mice containing 25% with MBP1.3/pNT230 proviral DNA-containing HVJor 50% HSVtk-transduced glioma cells, and all MG mice liposomes 2 days after tumor inoculation, survival was containing 100% HSVtk-transduced cells survived with prolonged by ganciclovir treatment (10 mg/kg intraperiganciclovir treatment when a total of 5 × 10 6 glioma cells toneal injection daily from day 4 to 17). One MG mouse were intrathecally inoculated into the cisterna magna of died on day 12, while the other mice were cured by this C3H/HeN mice (Figure 2) . treatment ( Figure 5 , solid line). No glioma cells were observed in the survivors when these mice were killed The lacZ gene was efficiently introduced into glioma 60 days after tumor inoculation. cells in vivo using HVJ-liposomes The lacZ gene was clearly expressed in disseminated glioma cells transduced with HVJ-liposomes in the sub- the HSVtk gene, a phenomenon known as the bystander These X-gal-positive glioma cells were also detected 14 effect. 4, 14, 15 This phenomenon is believed to occur by the days after tumor inoculation, but the percentage of posimovement of ganciclovir-triphosphate from HSVtk genetive cells decreased somewhat compared with mice killed transduced cells to bystander cells through gap junctions, earlier (data not shown). Some glioma cells were dissemior by the action of host immune cells against tumor-spenated into the lateral ventricles of MG mice, and the cific antigens. Regardless of the mechanism involved, expression of the lacZ gene was also detected in these these cells are apt to be recognized by the host immune cells (Figure 3b ). Although some endogenous ␤-galactosystem. Obviously, for these reasons, the bystander effect sidase activities were observed in less than 10% dissemiis more frequently observed in vivo than in vitro. We have nated glioma cells when empty HVJ-liposomes were previously reported cures in intracranial glioma models intrathecally injected into the cisterna magna of MG mice, by ganciclovir treatment if 25% of glioma cells expressed the ␤-galactosidase activities in glioma cells were mainly the HSVtk gene, 3 and the MG model could also be cured derived from exogenous delivery not from endogenous by ganciclovir if the HSVtk gene was transduced into 25% delivery due to HVJ-liposomes themselves because X-gal of disseminated glioma cells (Figure 2 ). positive cells were mainly observed in nuclei when HVJ-HVJ-liposomes are fusogenic liposomes which can liposomes containing the lacZ gene with nuclear localized carry DNA fragments, and high transfection efficiency signal were intrathecally injected (Figure 4, arrowheads) .
has been demonstrated in metabolic diseases not only in Surprisingly, few neurons, normal glial cells or vascular vivo but also in vitro. The characteristics of HVJ-liposomes endothelial cells in MG mice were stained blue (Figure are as follows: (1) high transfection efficiency; (2) no 3a), despite the capability of HVJ liposomes to deliver requirement for cell proliferation; (3) no limitation of DNA into nondividing cells. insert size; (4) ability to deliver oligonucleotides; and (5) no apparent toxicity. 16 Among these, high transfection efficiency especially in vivo, is the major reason we chose this delivery system for the MG model. The X-gal-positive staining was detected in greater than 25% of disseminated glioma cells in MG mice injected with the lacZ gene bearing HVJ-liposomes intrathecally (Figure 3) . Furthermore, ␤-galactosidase activities in glioma cells were mainly derived from exogenous delivery through HVJliposomes themselves in spite of the observation of endogenous ␤-galactosidase activities (Figure 4) . For HSVtk transduction, this percentage (25%) was the minimal requirement to eliminate all glioma cells following ganciclovir treatment. Moreover, all MG mice except one injected with the HSVtk gene-bearing HVJ-liposomes 17 were induced by the Rous thesia. These glioma cells disseminated into the basal cissarcoma virus in the C3H/HeN mouse. These cells were terna and subarachnoid spaces and sometimes invaded cultured in Dulbecco's modified Eagle's medium with the brain via the Virchow-Robin space. Hydrocephalus 10% fetal bovine serum and were used for the MG model. was also observed in some mice. These findings closely Seven-to 8-week-old C3H/HeN female mice were anesmimic the pathophysiologic features of glioma patients thetized by isoflurane inhalation and handled in a with meningeal gliomatosis. humane fashion in accordance with the guidelines of the First, in order to estimate that the transduction percentAnimal Committee of Osaka University Medical School.
The lacZ gene was efficiently delivered into glioma cells by HVJ-liposomes in MG mice. Coronal sections (a-d) and sagittal section (e) of brains from mice injected with HVJ-liposomes bearing the lacZ gene on day 3, and killed on day 8 after intrathecal inoculation of glioma cells. Coronal section of MG mouse in lower magnification (× 5) (a). Many X-gal-positive cells (greenish-blue cells) are observed among the glioma cells which infiltrated into the lateral ventricle (b), subarachnoid space of the basal cistern (c) and cortex (d) of the mouse (× 100). The lacZ gene-transduced glioma cells are easily detected in the cisternal space in the posterior fossa of this mouse (e) (× 100). ON, optic nerve; BC, basal cistern; CM, cisterna magna; BS, brain stem.

Figure 5 Survival curves of MG mice which were intrathecally injected
) were intrathecally injected into the cisterna magna of cisterna magna of syngeneic mice (MG mice), subsequently HVJ-liposyngeneic mice (MG mice), subsequently HVJ-liposomes containing the somes containing the SV40 nuclear transport signal at the N-terminus HSVtk gene were also intrathecally injected 2 days after tumor inocuof the lacZ gene were also intrathecally injected 2 days after tumor inoculation, and these mice were treated with intraperitoneal injection of ganlation. Nuclear localized blue stain was dominantly observed in dissemiciclovir (10 mg/kg daily from day 4 to 17 after tumor inoculation) (HVJ nated glioma cells (arrowheads), and cytoplasmic blue stain was seen in liposome-HSVtk, solid line). MG mice intrathecally injected with HVJa few glioma cells (arrows
age of the HSVtk gene among intrathecally injected glioma cells in MG mice was sufficient for them to be cured with ganciclovir treatment, various percentages of HSVtk Plasmid DNA and preparation of HVJ-liposomes The BAG retroviral vector 18 19 was constructed the cisterna magna of C3H/HeN mice as described above. Then, intraperitoneal injection of 10 mg/kg ganas follows. N-lacF containing the SV40 nuclear transport signal 20 at the N-terminus of the lacZ gene which was ciclovir (a gift of T Seiyaku, Syntex, Japan) was performed daily from day 3 to day 16 from tumor inoculation, derived from pNlacF (kindly given by Dr R Palmiter, University of Washington, Seattle) 21 was isolated, and and their survival was observed. then cloned into pUC-CAGGS 22 to form pAct-NlacF. The MBP1.3/pNT230 retroviral vector was described pre-MG mice with HVJ-liposomes containing the lacZ-or viously. 23 This proviral DNA contains the HSVtk gene HSVtk-gene under the control of mouse myelin basic protein (MBP)
Injection of DNA-HVJ-liposome was performed at day 2 promoter to direct glioma-specific expression, and the and subsequently ganciclovir treatment was started early, neo r gene under the control of MoMLV LTR. from day 4, if the HSVtk gene-conjugated HVJ-liposomes The preparation of HVJ-liposomes has been described were injected, because the tumor mass is already formed previously. [10] [11] [12] 24 Briefly, phosphatidylserine, phosphatiin the basal cistern 2 days after 5 × 10 6 RSV-M glioma dylcholone, and cholesterol were mixed in a weight ratio cells were subcutaneously injected into the cisterna of 1:4.8:2. The lipid mixture (10 mg) was deposited on magna. This is also necessary to achieve effective treatthe sides of a flask by removal of tetrahydrofuran in a ment against MG mice whose medial survival is as short rotary evaporator. High mobility group (HMG)-1 nuclear as 10 days. Thus, 2 days after intrathecal inoculation of protein was purified from calf thymuses. Provirus DNA wild-type RSV-M glioma cells, 50 l of HVJ-liposomes was purified by equilibrium centrifugation in cesium alone (empty liposome) or DNA-HVJ-liposomes conchloride containing ethidium bromide, and was distaining either the BAG, the pAct-NlacF or the solved in 10 mm Tris-HCl (pH 8.0) and 0.1 mm EDTA.
MBP1.3/pNT230 plasmid DNA, also were injected intraFifty micrograms DNA with 32.5 g of HMG-1 in a thecally into MG mice. Mice in which the lacZ gene was nuclease-free capped tube was adjusted to 200 l with introduced were killed 4, 6 and 8 days after tumor inocubalanced salt solution (BSS; 137 mm NaCl, 5.4 mm KCl, lation. These MG mice were fixed by perfusion with fixa-10 mm Tris-HCl (pH 7.6)), and then this mixture was tive containing 4% paraformaldehyde, 0.2% glutaralincubated at room temperature for 1 h. The DNA-HMGdehyde, and 0.02% NP-40 in PBS, and the brains were 1 solution was added to a lipid mixture in the glass tube removed and fixed in this fixative at 4°C for an additional prepared as described above, and was agitated intensely period of at least 30 min. These fixed brains were washed by vortexing for 30 s, and this tube was stood in a 37°C
with PBS containing 1 mm MgCl 2 at 4°C for at least water bath for 30 s. This step was repeated eight times.
18 h, and 100-200 m thick sections were cut with a Then the glass tube was sonicated for 3-5 s in a bathmicroslicer. These slices were further washed with PBS type sonicator to prepare unilamellar liposomes and agicontaining 1 mm MgCl 2 at 4°C for 18 h. Sections were tated for 30 s by vortexing. Three hundred microliters of then stained with X-gal as described previously. 20 Mice BSS were added to the tube and the liposome solution in which the HSVtk gene was introduced were injected was incubated at 37°C with shaking (120 per min) in a intraperitoneally with 10 mg/kg body weight of ganciclowater bath shaker. Purified HVJ (Z strain) was inactivir from day 4 to day 10 after tumor inoculation. Their vated by ultraviolet irradiation (110 erg/mm 2 /s) for 3 survival was recorded. min just before use. The liposome suspension (0.5 ml, containing 10 mg of lipids) was mixed with HVJ (30 000 collected for use.
